This Page Is Inserted by IF W Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



THIS PAGE BLANK (uspto 



(12) 



UK Patent Application „„ GB <„, 2 198 454„ 3 A 

(43) Application published 15 Jun 1988 



(21 ) Application No 8727278 

(22) Date of filing 20 Nov 1987 



(30) Priority data 

(31) 61/277829 



(32) 22 Nov 1986 (33) JP 



(71) Applicants 

Research Development Corporation of Japan 

(Incorporated in Japan) 

5- 2 Nagatacho 2-chome, Chiyoda-ku, Tokyo, Japan 
Junichi Nishizawa, 

6- 16 Komegafukuro 1*chome, Sendai-shi, 
Myiyagi-ken, Japan 

Sanyo Electric Co Ltd 

(Incorporated in Japan) 

18 2-chome Keihan-Hondori, Mortguchi-shi, Osaka-fu, 
Japan 

Oki Electric Industry Co Ltd 
(Incorporated in Japan) 

7- 12 Toranomon 1-chome, Minato-ku, Tokyo, Japan 



(51) INT CL 4 

H01L 21/205 C23C 16/44 C30B 25/00 

(52) Domestic classification (Edition J): 

C7F 1012 792 801 HE P81 1 P812 P842 P850 P918 
0811 Q840 Q841 Q842 Q850 Q884 Q885 Q886 
Q903 Q904 Q905 Q918R811 R840 R841 R842 
R850 R884 R885 R886 R903 R904 R905 R918 
H1K 1FE 1FX 2R3A 2R3E 2S12 2S19 2S1C 2S1D 
2S1E 2S20 2S23 2S27 2S2C 2S2D 2S5 3E3 3P2C 
3P2D 3P2Y 3P5 8VD 9C1 9E 9M1 9N2 9N3 9P3 
9S LDB 



(56) Documents cited 
GB A 2192198 



GB A 2163000 GB A 2162862 



(58) Field of search 
C7F 
H1K 
C1A 

Selected US specifications from IPC sub-classes 
C01G C23C C30B H01L 



(72) Inventors 

Junichi Nishizawa 
Hitoshi Abe 
Fumio Matsumoto 
Toru Kurabayashi 

(74) Agent and/or Address for Service 
Venner Shipley & Co 
368 City Road, London, EC1V 2QA 



(54) Method for epitaxial growth of compound semiconductor 

(57) In a method for epitaxial growth of compound semiconductor containing three component elements, two component 
elements thereof being the same group elements e.g. Al, Ga Vi As, three kinds of compound gases each containing differen- 
one of the three component elements are cyclically introduced, under a predetermined pressure for a predetermined period 
respectively, onto a substrate enclosed in an evacuated crystal growth vessel so that a single crystal thin film of the 
compound semiconductor is formed on the substrate. The thickness of the semiconductor is controllable in monolayer 
accuracy. Doped ternary alloy semiconductors, semiconductors containing more than three elements e.g. In x Ga Vi As y P 1>y 
and multilayer structures e.g. Al x Ga Vs As and GaAs may also be grown using this technique. 



/ lie> 



2138454 



flxl Ixl 1x1 1 

C_J O CJ 

cc csl cr 

D D D 

o o o 

to to to 



s 

Q_ 



z z 

ZD 

o 

CL 



° 2 



o o o 

CJ o o 

L^_J=L>J 




—J 


\ 


















o 





C£> 




■7-1 1 e> 



FI G.1 B 



MODE I 



t2 



on 



Ga COMPOUND GAS j t0 |~t7"[ off 
All COMPOUND GAS 
As COMPOUND GAS 



on 



t3 



off 



off 



U 



on 



t5 



t6 



MODE n 



Ga COMPOUND GAS 



AH COMPOUND GAS 



As COMPOUND GAS 



MODE IH 



AH COMPOUND GAS 



Ga COMPOUND GAS 



As COMPOUND GAS 



U2- 



on 



1 13 



off 



til 



off 



off 



on 



t 15 



tiG 



|2Q 



on 



t21 



off 



off 



! t25 



t23- 



to 



Off 



t28 



s/ie> 



2198454 



FIG. 2 



< 

X 
I 

ro 

O 
x 



ixl 

3 



i 



0.5- 



0A 



0.3- 



o 0.2 



0.1 



DEPTH BELOW THE SURFACE (A) 
0 500 1000 1500 



-i — i — r 



t 1 r 



-i 1 1 1 1 1 — r 



GaAs 
290A 



AflxGai-xAs 
770 A 



GaAs 
290A 



-AlxGai-xAs 



SURFACE 



0 5 10 15 20 25 

SPUTTERING TIME (min.) 



4|ie> 2198454 

o 



FIG.3A 



1 


^-19 

18 16 


ACxGa 


-x As 


n - GaAs 


(■ 


r 

17 

20 

-) 



2198454 



F I G. 3B 




2133434 




7//# 



o 



FIG.4B 



2193154 



MODE IV 
All COMPOUND GAS 
Ga COMPOUND GAS 

Si2H6 
AsH3 



t30 



on 



t3l 



Off 



t32 I -°-D 1 



Off 



t33 



Off 



t34 



on 



t35 



t36 



t38 



Off 



on 



t37 



MODE V 
DMZn 

AS. COMPOUND GAS 
Ga COMPOUND GAS 
Ashb 



| lUi l o 



ff 



k2 



on 



U3 



off 



t . , on 



■LL 



Us 



off 



off 



on 



&\ I© 



2198454 



o 




2>^ is. 



2198454 



o 




IO/IS 



2198454 



o 

FIG.7A 



di dz 















1 








s 




i 




I 



70 71 



FIG.7B 




FIG.7C 



75 




1/ \l& 



FIG. 8 A 



2198454 



V 



vz 



80 1 82 
81 



FI G .8B 



m 



80/80 
81 82 



FIG.8C 



ft 



/, 



— f 



Id 



A K 



80^81 ; 
82 82 



/a jie> 



2193454 



■o 



FIG. 9 



SOURCE GATE SOURCE 

"94 



p rs, P nc ? 



94 



Y//////X 



95 



^ i l x////)a 



n-AfixGai-xAs 



UNDOPED GaAs 



SEMI - INSULATING 
GaAs 

j" SUBSTRATE J 



93 
92 

91 
90 



FI G.10 



/ ,- / //////// 

n*-GaAs 



AOxGai-xAs 



n-GaAs 



AftxGai-xAs 



-105 
-104 
-103 
^102 
-101 
— 100 

106 



n + - GaAs 



n*-GaAs 



106 



2198454 



o 



FIG. 11 



-? — 7 — 7 — y- 



GaAs n* 



GaAs rf 



AlxGai-xAs 



GaAs n 



-112 (SOURCE ELECTRODE) 
-105 

-111 (SOURCE REGION) 
104 114 (GATE ELECTRODE) 



AlxGai -xAs 



GaAs n" 



GaAs n* 



GaAs n + SUBSTRATE 



\/ //////////// ////// ^7 



-103 
^102 

•110(DRAIN REGION) 

-101 
•100 

-113 (DRAIN ELECTRODE) 



2198454 



F IG.12A 




235 )2Z0 
221 



2198454 



FIG.12B 



190 



200 



253 

__L_ 



252 

\ 



254 



251 

_Jl_ 



257 



-255 



256 



-258 



180 

4- 



-170 



210 



2193454 



UJ 



I 



O 



UJ 

cc 
if) 

UJ 
CL 
CL 



d 



o 



r 



o 

LO 



3 



2 



O 
O 



o 

Q_ 

§ 

O 



o 

CL 

§ 



CD O 



UJ 

cc 

!< 
cc 

UJ 
CL 

UJ 



2198454 



FIG.13A 



291 



290 



276^ » * 



,163 
355 



162 



rv-273 

V 271 



183 193 
173-4-HZ^ 




281— -\280 / 



203 



\ - — , 



200 



\\ /// CIoT 



150 

190 180 

\ 191 ; 

K^=}fH$-170 
171 
172 





235 L- q 

293 ) ZZU 
221 



292 



1 

294 



ta>|»e> 



2198454 



CD 

CO 

o 
u_ 




2198454 



METHOD FOR EPITAXIAL GROWTH OF COMPOUND SEMICONDUCTOR 

FIELD OF -THE INVENTION 

This invention relates to an epitaxial growth 
technique of a compound semiconductor and, more 
particularly, to a method for the epitaxial growth of a 
mixed crystal semiconductor of more than ternary alloys in 
which the thickness of the semiconductor is controllable in 
monolayer accuracy. 
DESCRIPTION OF THE PRIOR ART 

Various semiconductor devices using semiconductors 

of III and V group elements such as, for example, a 
semiconductor having a hetero junction between thin films of 
GaAs and Al Ga. As. and semiconductors having hetero 
junctions such as HEMT structures or superlattice structures 
utilizing the two-dimensional electron gas have hitherto 

been proposed. 

With such proposals for the semiconductor devices, 
the development of excellent techniques for the thin film 
crystal growth of compound semiconductors has been more 
urgent . 

A molecular beam epitaxy (hereinafter referred to 
as MBE). a metal organic vapor phase epitaxy (hereinafter 
referred to as MO-CVD) and a molecular layer epitaxy 
(hereinafter referred to as MLE ) are well known in the art 
techniques for forming semiconductors or thin films of 



as 



A s 

such as GaAs or Al x Ga l-x 
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The MO-CVD method is widely used since the 
apparatus carrying out this method is simple and suitable 
for the mass production- In the MO-CVD method, however, the 
thickness of the semiconductor thin film to be formed 
can not be controlled in monolayer accuracy. Thus, the 
MO-CVD method is not necessarily suitable for manufacturing 
the HEMT structure and the superlattice structure. 

In the MBE method, since the raw material of a 

crystalline thin film being formed on a substrate crystal is 

heated and the vapor of the raw material is deposited on the 

substrate, the growing rate of the crystalline thin film can 

be kept very small so that the controllability of the 

thickness of the crystalline thin film is superior to that 

of the MO-CVD method. However, it is not easy to control 

the thickness of the thin film in monolayer accuracy. The 

problem now going to overcome by using a monitoring 

according to the RHEED (reflection high energy electron 

diffraction) method. Furthermore, to obtain a high quality 

crystal in the MBE method, it is necessary to set up the 

growth temperature at a high value of such as about 

550-600°C. The growth temperature is normally set at a 

temperature of 550-600°C for GaAs and even more than 600°C 

for Al Ga, As. However, the fact that Al tends to more 
x 1 -x 

easily oxidized at such a high temperature leads to a 
serious defect that the formed crystal of Al^a^^As has a 
poor flatness. Furthermore, if a steep impurity profile is 
desired in such a formed crystal, the red is t r ibu t io :: *"> f the 
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impurity profile caused under such a high growing 
temperature would be a problem. Moreover, since the MBE 
method is* based upon the vapor deposition process, there may 
also be caused deviations from the stoichiometric 
composition of a formed crystal thin film or interpositions 
of. .a crystal defect such as an oval defect in the formed 
crystal thin film. 

The molecular layer epitaxy is well known as a 
crystal growth process. For the crystal growth of a 
compound containing III and V group elements, a compound gas 
containing a III group element and another compound gas 
containing a V group element are alternately introduced onto 
a substrate so that the crystal of the compound containing 
III and V group elements is grown monolayer by monolayer 
(see, for example J. Nishizawa, H. Abe and T. Kurabayashi ; 
J. Electrochem. Soc . 132 (1985) 1197-1200). This method 
utilizes the adsorption and the surface reaction of compound 
gases . In the case, for example, of forming a crystal 
containing III and V group elements, the growth of a single 
monolayer of the crystal is attained by introducing a 
compound gas containing the III group element and another 
compound gas containing the V group element for one period 
of time, respectively. Since the method utilizes the 
monolayer adsorption of the compound gases, the monolayer by 
monolayer growth of the crystal is always attainable even 
though there is a fluctuation of the pressure of the 
introduced compound gases. In this method, although 
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trimethyl gallium (hereinafter referred to as TMG) as 
alkylgallium and arsine (AsH 3 ) as arsenic hydride have 
conventionally been used, a high purity GaAs can be grown at 
a lower temperature by the substitution of triethyl gallium 
(hereinafter referred to as TEG) for TMG as alkylgallium 
(see, for example J. Nishizawa, H. Abe, T. Kurabayashi and 
N . Sakurai; J. Vac. Sci. Technol. A4 ( 3 ) , (1986) 706-710). 

These methods such as described above relate, 
however, to the epitaxial growth of two-element compound 
semiconductors* In the epitaxial growth of ternary alloy 
semiconductors, the products superior in quality can not be, 
therefore, obtained by these methods. In the case of the 
MLE method, particularly, atomic layers of a single kind of 
element X or Y are stacked, alternately, to form a compound 
XY, whereas the notion of the atomic layer of a single kind 
of element does no longer hold for A^B^_^ in a mixed crystal 
A^B^ ^C. For mixed crystals containing four elements or 
more, case is the same as the mixed crystal containing three 
elemen ts . 

SUMMARY OF THE INVENTION 

In view of the foregoing, it is the main object of 
the present invention to provide a method for the epitaxial 
growth of compound semiconductors of a mixed cry^ ;:al based 
upon the notion of the monolayer growth wherein the 
thickness of the epitaxially growing mixed crystal can be 
controlled in monolayer accuracy. 
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More specifically, it is an object of the present 
invention to provide a method for the epitaxial growth of a 
mixed crystal thin film containing three elements and more 
which is provided with a good reproducibility and suitable 
for the mass production, wherein the thickness of the 
epitaxially growing thin film can be controlled to a 
precision of several angstroms yet by a simple manner. 

Also an object of the present invention is to 
provide a method for the epitaxial growth of a mixed crystal 
thin film containing three elements and more, wherein the 
mixed crystal thin film may epitaxially be grown at a 
relatively low growth temperature by suitably selecting raw 
materials so that compound semiconductor devices of high 
quality may be manufactured. 

Other and further objects, features and advantages 
of the invention will appear more fully from the following 
description . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A is a schematic view showing a crystal 
growth device for carrying out the epitaxial growth of 
A -*- x Ga l_ x As layer according to the present invention. 

Fig. IB is a timing chart showing various gas 
introduction modes for epitaxial growth processes. 

Fig. 2 is a graph showing a measured example of Al 
component in a multilayer structure of A1 x Ga i_ x As and GaAs. 

Fig. 3A is a sectional view showing the structure 
of a metal-insulator-semiconductor (MIS) capacitor 
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manufactured as a trial according to the present invention. 

Fig. 3B is a characteristic diagram showing the 
relation, be tween the capacitance and the applied voltage of 
the MIS capacitor. 

Fig. 4A is a schematic view showing a crystal 

growth device for carrying out the epitaxial growth of 

Al Ga, As doped with impurities, 
x j. x 

Fig. 4B is a timing chart showing gas introduction 
modes for epitaxial growth processes accompanied with 
impurity dopings . 

Fig. 5 is a schematic view showing a crystal 
growth device for carrying out the epitaxial growth of 
Al Ga. As accompanied with light irradiation. 

XXX - - 

Fig. 6 is a schematic view showing a crystal 
growth device for carrying out the epitaxial growth of III-V 
and II-VI mixed crystal compound semiconductors containing 
three and four elements. 

Figs. 7 to 11 are schematic sectional views 
illustrating the structures of ultrathin films obtained by 
the epitaxial growth according to the present invention. 

Fig. 12A is a schematic view showing the 
construction of a crystal growth device automatically 
carrying out the epitaxial growth processes according to the 
present invention. 

Fig. 12B is a schematic diagram showing the 
internal construction of a controlling unit of Fig. 12A for 
controlling the introduction mode of a compound gas. 
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Fig, 12C is a timing chart showing a process 
carried out by the crystal growth device shown in Fig. 12A. 

. Fig. 13A is a schematic view showing the 
construction of another crystal growth device automatically 
carrying out the epitaxial growth processes accompanied with 
light irradiation . 

Fig. 13B is a timing chart showing a process 
carried out by the crystal growth device of Fig. 13A. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A preferred embodiment of the invention for the 
epitaxial growth of A1 x Ga !_ x As single crystal thin film will 
now be described with reference to the schematic view in 
Fig. 1. A substrate crystal 7 of GaAs is mounted on a 
quartz susceptor 8 disposed in a crystal growth vessel 11. 
The vessel 11 is coupled to an evacuating system 13 via a 
gate valve 12 for evacuating its interior to an ultrahigh 
vacuum. The vessel 11 is also provided with an infrared ray 
lamp 10 enclosed in a casing 9 for irradiating the GaAs 
substrate crystal 7. The vessel 11 is further provided with 
three- nozzle means 1, 2 and 3 for introducing alkyl aluminum 
as a gaseous compound containing aluminum (Al), alkyl 
gallium as a gaseous compound containing gallium ( Ga ) and 
arsine (AsH 3 > as a gaseous compound containing arsenic (As), 
respectively. The nozzle means 1. 2 and 3 are connected via 
respective controlling units ( CTL 1 s ) 4, 5 and 6 for 
controlling the introduced amount (per unit time) of 
respective gaseous compounds to their external sources, 
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respectively. The controlling units 4, 5 and 6 are coupled 

to a controlling system 14 tor controlling the introduction 

mode of the various gaseous compounds. 

A single crystal thin film of Al Ga^^As is grown 

in a manner as described below. First, the vessel 11 is 

- 9 - 1 0 

evacuated to get a vacuum of about 10 to 10 Torr by 

opening the gate valve 12 and operating the evacuating 

system 13- The evacuating system 13 may be constituted with 

a vacuum pump system comprising a combination of pump units 

such as cryopumps and molecular turbo pumps. Then, the GaAs 

substrate 7 is heated to a crystal grov/th temperature of 300 

to 500°C by the infrared ray lamp 10 and the growth 

temperature is kept constant. Thereafter, alkyl aluminum as 

a gaseous compound containing aluminum, alkyl gallium as a 

qaseous compound containing gallium and arsine (AsH^) as a 

gaseous compound containing arsenic are introduced in the 

vessel 11 according to a manner that will be described, in 

more detail, below to carrying out the epitaxial growth of 

Al x Ga l x As ein 9 ie crystal while keeping the controllability 

of the thickness of Al Ga,_ As thin films within several 

x IX 

angs troms . 

Examples of the mode for introducing the thrse 
kinds of gaseous compounds will now be described with 
reference to Fig. IB in which three examples of the rode are 
shown. In each mode, on-off timings for the introduction of 
each gaseous compound are controlled by the control.. - - 
system 14 while the introduced amount per unit t im* * :.ch 
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gaseous compound is controlled by the controlling units 4, 5 
and 6, respectively. 

• In a mode shown in Fig. IB as mode I, gaseous 
alkyl gallium as a gas containing Ga is first introduced for 
a period of t^ after an evacuation period of t Q . Then, the 
vessel 11 is evacuated again by operating the gate valve 12. 
After a period of t£* gaseous alkyl aluminum is introduced 
as a gas containing Al for a period of t^. Then, the vessel 
11 is evacuated again for a period of t^. Thereafter, 
gaseous arsine (AsH^) is introduced as a gas containing As 
for a period of t 5 * As a result of this one cycle of the 
operation which requires a total period of t^, a single 
crystalline thin film which has_ a thickness of several 
angstroms is grown. 

In this mode I, the crystal growth is repeatedly 
carried out by way of trial under various conditions as 
follows : 

t Q = 0 to 5 sec, t 1 = 1 to 6 sec, t 2 = 0 to 5 sec, 
= 1 to 6 sec, t^ = 0 to 5 sec, t^ = 5 to 20 sec 
and tg = 7 to 47 sec. 

In another mode shown in Fig. IB as mode II, the 
same operation is carried out except that the order of the 
introduction between a gas containing Ga and a gas 
containing Al is interchanged. 

In this mode II, the crystal growth is repeatedly 
carried out by way of trial under various condition is 

follows : 
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t 1Q = 0 to 5 sec, t 1JL = 1 to 6 sec, t 12 = 0 to 5 sec, 
t 13 = 1 to 6 sec, t 14 = 0 to 5 sec, t 15 = 5 to 20 sec 
andt 16 = 7 to 47 sec. 

In still another mode shown as mode III in Fig. 
IB, a gas containing As is introduced after the introduction 
and the evacuation period of a gas containing Al and, 
thereafter, the gas containing As is introduced again 
following the introduction and evacuation periods of a gas 
containing Ga . 

In this mode III, the crystal growth is repeatedly 
carried out by way of trial under various conditions as 
follows : 

t 20 = 0 to 5 Sec# fc 21 = 1 to 6 sec ' t 22 = 0 to 5 sec ' 
t 23 = 5 to 20 sec - t 24 = 0 to 5 sec ' t 25 = 1 to 6 sec, 

t 26 = 0 to 5 sec ' t 27 = 5 to 20 sec and t 28 = 12 to 
7 2 sec . 

In each mode described above, the internal 

pressure of the vessel 11 is kept at 10~ 6 to 10~ 4 Torr 

during the introducing period of gaseous alkyl aluminum, 
- 6 -4 

10 to 10 Torr during the introducing period of gaseous 

- 5 - 3 

alkyl gallium and 10 to 10 Torr during the introducing 
period of gaseous arsine. 

Further, in each mode, one of materials such as 
trimethyl aluminum ( TMA ) , triethyl aluminum (TEA) and 
triisobutyl aluminum (TIBA) is used by way of trial as the 
raw material of gaseous alkyl aluminum. Also, one of 
materials such as trimethyl gallium ( TMG ) and triethy. 
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gallium (TEG) is used by way of trial as the raw material of 
gaseous alkyl gallium. In each case, arsine (AsH^) is used 
as the raw material of the gas containing As. 

Characteristics of epitaxial thin layers of 
Al^Ga^^As which are obtained in various cases such as 
described above will now be described- The carrier density 
in an epitaxial layer of Al Ga 1 As which is formed by using 

X X — X 

1 8 

TMA as alkyl aluminum and TMG as alkyl gallium is 10 to 
10^^ cm 3 (p-type) at room temperature. When TEG is used as 
alkyl gallium, the carrier density of 10*^ to cm 3 

(p-type) is obtained by the use of TEA as alkyl aluminum 

13 15 -3 

while the carrier density of 10 to 10 cm (p-type) is 

obtained by the use of TIBA as alky 1 aluminum so that an 

Al^Ga 1 _ x As layer of higher purity may be obtained. 

Further, when the three modes shown in Fig. IB are 

carried out by using the same corresponding gaseous 

compounds and the same conditions for the internal pressure 

of the vessel 11 during the introduction of each gaseous 

compound in each mode, an epitaxial Al^Ga^^As layer having 

the lowest carrier density may be obtained by the mode II. 

In a case in which TEG as alkyl gallium, TIBA as alkyl 

aluminum and AsH^ are used, for example, an epitaxial layer 

having the carrier density of 10*"** to 10*^ cm 3 (p-type) is 

grown in the mode II while a layer having the carrier 

density of 10 15 to 10 16 cm" 3 (p-type) is grown in the 

mode I . 
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In any case or mode, the thickness of a thin film 

of Ai Ga . _ As which is grown in a single cycle of the 
x x x 

o 

introduction of gases is about 1 to 10 A. Thus, by 
suitably selecting the internal pressure of the vessel 11 
during the introducing period of each compound gas and the 
period of time for introducing each compound gas, an 
epitaxial growth of Al^Ga^^As thin film having the 
thickness corresponding to a single monolayer may easily be 
obtained in the single cycle of the introduction of gases. 

o 

The thickness of one single monolayer is about 2.8 A at 

o 

(100) plane and about 3.3 A at (111) plane. 

Furthermore, any value within 0 to 1 for x the 

composition of Al in Al Ga, _ As may also be obtained by 

x J- x .... 

suitably selecting the internal pressure of the vessel 11 
during the introducing period of each compound gas and the 
introducing period thereof. 

The temperature of the crystal growth is kept at a 
value of 300 to 500°C. Since the redistribution of the 
impurity profile is suppressed due to such a rather lower 
growth temperature and, in addition, since the 
controllability for the thickness of the thin film being 
grown is excellent, a steep impurity profile may be attained 
in a multilayer thin film comprising GaAs and Al^Ga^^As . 

Fig. 2 shows a depthwise profile of the 

composition x in Al^Ga^^As included in a multilayer 

structure GaAs/Al Ga, As/GaAs/Al Ga, As ... which is 

xl-x xl-x 

manufactured by using a group of materials (TEG-AsH 7 ) and 
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another group of materials ( TEG-TEA-AsH^ ) . The composition 
x is measured by the Auger electron spectroscopy. The 
thickness, of a GaAs layer in this multilayer structure is 
attained in a similar manner to such as described above by 
using the group of materials ( TEG-AsH -j ) and repeating 100 
cycles of the serial introduction of such compound gases- 
Also, the thickness of an Al^Ga^ ^As in this multilayer 
structure is attained by using the group of materials 
( TEG-TEA- AsH -j ) and repeating 250 cycles of the serial 
introduction of such compound gases. Conditions for such 
introduction of gases are set so as to obtain an x value of 
0.36 to 0.37. As will be seen from the graph shown in Fig. 
2, a hetero junction between GaAs and _Al x Ga^_ x As which has a 
steep impurity profile may be obtained. 

Fig. 3A shows a sectional view of a MIS 
(metal-insulator-semiconductor) capacitor manufactured as a 
trial by using a group of materials ( TEG-TIBA- AsH-j ) . A 
layer 16 of Al Ga, _ As is epitaxially grown at a temperature 

X XX 

of 350 to 550°C on a Si doped (3 x 10 6 cm" 3 ) n-type GaAs 
substrate crystal 15. On the layer 16, an electrode 18 of 
Al is formed and a terminal 19 is attached thereto. On the 
bottom surface of the substrate 15, an electrode 17 of AuGe 
is formed and a terminal 20 is attached thereto. The 

o 

thickness of the Al Ga, As layer 16 is about 700 A and the 

x 1-x 2 

diameter of the Al electrode 18 is 500 |jm. 

The capacitance to voltage (C-V) characteristic 
curve of the MIS capacitor is shown in Fig. 3B. It will be 
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seen that a high purity epitaxial layer of A1 x Ga |_ x As may be 

obtained. It will also be noted that, according to the 

present invention, crystals of good quality may be grown at 

a lower growth temperature in comparison with prior methods 

such as MO-CVD or MBE . 

Fig. 4A shows a schematic view of a device for 

manufacturing Al^Ga^^As epitaxial layers of p-type and 

n-type by means of doping. One of gaseous compounds 

containing IV or VI group elements such as disilane ( Si-H, ) , 

Z o 

selenium hydride (H^Se), dimethyl selenium ( DMSe ) and 
diethyl tellurium ( DETe ) is introduced from an external 
source thereof via a controlling unit 33 for controlling the 
introduced amount of the gaseous compound and a nozzle 31 
into a crystal growth vessel 11. Also, one of gaseous 
compounds such as dimethyl zinc (DMZn) and dimethyl cadmium 
( DMCd ) is introduced from an external source thereof via a 
controlling unit 34 for controlling the introduced amount of 
the gaseous compound and a nozzle 32 into the vessel 11. 
The introduction timing of gases introduced through the 
nozzles 31 and 32 is controlled by a controlling system 14 
in a similar manner to that described with reference to Fig. 
1A. Other parts and functions thereof are same as or 
correspond to that of Fig. 1A and the description will not 
be repeated here. 

An epitaxial layer of Si doped n-type A ^- x Ga ]^_ x As 
may, for example, be formed by introducing Si n H, and that of 

Z D 

Zn doped p-type Al^a^^s may be formed by introduciny 
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DMZn. The gas introduction modes for these cases are shown 
in Fig. 4B. These modes for the above described cases in 
which TEG as a gaseous compound containing Ga and TIBA as a 
gaseous compound containing Al are used by way of example 
will now be described. 

In a mode IV of Fig- 4B which is the case that 
Si-H^ is introduced, various gaseous compounds are 
introduced in the order of TIBA, TEG, si 2 H 6 and AsH 3 " In 
this mode, any gaseous compound containing any III group 
element and a gaseous compound containing an impurity 
element which will occupy the sites of III group atoms in a 
crystal are alternately introduced. Such mode is most 
effective in the doping with the use of Si 2 H^ and an n-type 

Al Ga, As (10 16 to 10 19 cm" 3 ) layer may be manufactured, 
x 1-x 

Another mode V in Fig. 4B is the case in which DMZn is 

introduced. In this case, the most effective doping is 

attained when various gases are introduced in the order of 

DMZn, TIBA, TEG and AsH 3 as shown in the mode V and a p-type 

Al Ga, As (10 16 to 10 20 cm" 3 ) layer may be manufactured, 
x 1-x 

A gaseous compound containing an impurity may be 
introduced before and after each introduction, in the order, 
of a gaseous compound containing III A group element, that 
containing III B group element and that containing V group 
element or, in the order, of V, III A and Illg. In case of 
III-V mixed crystal, main impurities are II, IV and VI group 
elements. These impurities may be introduced in the order, 

II, III A . IH B ' IV ' V and VI - 
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Fig. 5 shows a further form of the crystal growth 
device, which is designed to irradiate the substrate crystal 
during the crystal growth. The substrate 7 is irradiated 
with ultraviolet rays 23 and 24 which are emitted from 
external sources such as excimer lasers, argon ion lasers, 
xenon lamps or mercury lamps and transmitted through 
synthetic quartz windows 21 and 22, As a result, the 
crystal growth temperature may be reduced to ensure growth 
of a single crystal having a still higher quality. Thus, 
for example, a high purity A^Ga^^s epitaxial layer having 
a carrier density of about 10 14 cm" 3 may be obtained at a 
low growth temperature of 300 to 400°C by using a group of 
materials ( TEG- TlBA-AsH^ ) . 

Further, the doping efficiency may be controlled 
by synchronizing an irradiation of light having a specific 
wave length with the doping periods such as the introduction 
periods of Si^^ or DMZn . In accordance with such purpose, 
two kinds of light 23 and 24 having different wave lengths 
may be available through the windows 21 and 22, 
respectively, to irradiate the substrate 7. 

Fig. 6 shows a further embodiment of the crystal 
growth device for manufacturing quaternary alloys of III-V 
compound mixed crystals. 

The manufacturing process, by way of example, for 

a quaternary alloy In Ga u As P of III-V compound 

x jl x y l y 

semiconductors will now be described. In this process, 
gaseous alkyl indium is introduced from an external source 
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via a controlling unit ( CTL) 44 for controlling the 
introduced amount of gaseous alkyl indium and a nozzle 41 
into a crystal growth vessel 11. In like manners, gaseous 
alkyl gallium via a controlling unit (CTL) 45 and a nozzle 
42, and gaseous AsH 3 via a controlling unit (CTL) 46 and a 
nozzle 43 are introduced, respectively, into the vessel 11. 
Also, gaseous phosphine ( PH 3 ) as an impurity gas is 
introduced from an external source thereof via a controlling 
unit 48 and a nozzle 47 into the vessel 11. 

By alternately introducing these gases on a 
substrate crystal 7, an In x Ga 1 _ x As y P i_ y single crystalline 
thin film may be grown at a low temperature of 300 to 500°C 
while keeping the controllability of the growing film 
thickness within several angstroms. 

Alternatively, a single crystalline thin film of 
Zn^Se^^Te may also be grown at a low temperature of 300 to 
500°C in a similar manner as described above by substituting 
dimethyl zinc ( DMZn ) , selenium hydride (H 2 Se) and dimethyl 
tellurium (DMTe) for alkyl indium, alkyl gallium and AsH 3 - 

Further, a single crystalline thin film of 

Hq Cd, Te may also be grown by using gases of dimethyl 
^x 1-x J 

mercury ( DMHg ) , dimethyl cadmium ( DMCd ) and dimethyl 
tellurium ( DMTe ) . 

Fig. 7A is an embodiment according to the present 
invention in which a manufacturing process for a 
superlattice structure is schematically shown. In the 
superlattice structure shown in Fig. 7A, a GaAs layer 70 



having the thickness d J[ and an A^G^^As layer having the 
thickness d 2 are alternately and successively grown. 
According, to the invention, the thickness d x and d 2 may be 
controlled dimens ionally as precise as a monolayer. Thus, 
the minimum thickness in the superlattice structure is that 
of. a monolayer. Further, the thickness and d 2 may easily 
be controlled so as to an arbitrary number of times of a 
single monolayer thickness may be attained as required. 

Furthermore, by using a doping process such as 
described above, superlattice structures such as an 
n-GaAs/n-Al^Ga^^As superlattice structure and an 
n-GaAs/p-Al x Ga 1 _ x As superlattice structure may also be 
manufactured . 

Fig. 7B shows the band structure of the 
n-GaAs /n-Al^Ga 1 _ x As superlattice structure comprising a band 
structure 72 of n-GaAs and a band structure 73 of 

As. Also, Fig. 7C shows the band structure of the 



n-Al Ga 



x 1-x 

n-GaAs/p-Al x Ga 1 _ x As superlattice structure comprising a band 

structure 72 of n-GaAs and a band structure 75 of 

p- Al Ga . As . 
x 1-x 

In the processes for manufacturing such 
superlattice structures, the thickness of each growth layer 
may be controlled in accordance with a predetermined dosign 
in like manner as the embodiment of Fig. 7A. Further, the 
doping may be carried out in the same manner such as :::^wn 
in Figs. 4A and 4B for Al x Ga 1 As, and in like manner : 
Fig. 4B without Al for GaAs . 



- 18 - 



I 

Further, an n-Al Ga, As/p-Al Ga. As superlattice 

structure may also be manufactured according to the method 

shown in Pigs. 4A and 4B. Alternate doping of n-type and 

p-type impurities with or without changing the composition 

of Al in monolayer by monolayer manner may also be carried 

out:.. Of course, the thickness of n-Al Ga, As and 

x x x 

p-Al Ga, As may be changed, respectively. 

X J_ X 

Embodiments of poly- type superlattice structures 
are shown in Figs. 8 A to 8C. There are shown, by way of 
example, three those superlattice structures each comprising 
a combination of three kind of semiconductors such as, for 
example, InAs 80, AlSb 81 and GaSb 82. Thus, Fig. 8A shows 
a superlattice structure comprising a unit periodic 
structure 80, 81 and 82, Fig. 8B shows a superlattice 
structure comprising a unit periodic structure 80, 81, 80 
and 82, and Fig. 8C shows a superlattice structure 
comprising a unit periodic structure 80, 82, 81 and 82. The 
combinations, conduction types of layers, the impurity 
density in each layer and the thickness of layers may be 
changed as required. 

Since the superlattice structure is grown in 
monolayer by monolayer manner according to the method of the 
invention, ununiformity of microscopic atom configuration is 
eliminated from the manufactured mixed crystals so that the 
superlattice structure having a periodic structure produced 
by a combination of ideal mixed crystals regularly a: ringed 
in atomic accuracy may be manufactured. Furthermore*. ■ ince 
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the crystal growth may be carried out at a low temperature 

of about 300°C, a superlattice structure having a steep 

impurity profile may also be manufactured with the use of 

impurity doping. 

Referring now to Fig. 9, a process of the 

invention for manufacturing a HEMT (high electron mobility 

transistor) such as shown in Fig. 9 will be described, 

Undoped GaAs layer 91 having a thickness of about 200 

monolayers is, first, grown on a semi-insulating GaAs 

substrate 90. Then, a Si doped Al^Ga^^As (x ~ 0.3) layer 

93 having a thickness of 30 to 40 monolayers is grown. 

Thereafter, source, gate and drain electrodes are formed. 

The source electrode 94 is an ohmic electrode of AuGe/Au and 

the gate electrode 95 is a Ti/Pt/Au electrode. In the 

manufacturing process of the invention, since the 

ununiformity in microscopic configuration of atoms in the 

mixed crystals may be eliminated, the scattering, which may 

be occurred at the interface between the n-Al Ga. As layer 

x 1 -x J 

93 and the undoped GaAs layer 91, of electrons in a 
two-dimensional electron gas layer 92 is minimized so that a 
highly efficient transistor may be manufactured. Of course, 
any designed values of thickness of layers, composition x 
and impurity densities may be attained. 

Another process of the invention for manufacturing 
a diode utilizing the resonance tunneling effect will now be 
described with reference to Fig. 10 in which a schema: ic 
sectional view of such diode is shown. An n + -GaAs .1 r 101 
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having 100 monolayer thickness and an impurity density of 

about 10 cm is, first, grown on an n + -GaAs substrate 100. 

Thereafter, an Al x Ga 1 _ x As high resistance layer 102 having 

15 to 20 monolayer thickness, an n-GaAs layer 103 having 15 

to 20 monolayer thickness and an impurity density of 10 17 

cm ^ , an Al^Ga^^As high resistance layer 104 having 15 to 

20 monolayer thickness and an n + -GaAs layer 105 having 100 

18 — 3 

monolayer thickness and an impurity density of 10 cm are 
successively grown. Finally, an ohmic contact 106 of such 
as, for example, AuGe/Ni is formed on the top surface of the 
layer 105 and the bottom surface of the substrate 100, 
respectively. Such a device will exhibit a negative 
resistance when a DC voltage is applied in normal or 
reversed direction at 4K to the room temperature so that the 
device is available as an oscillator, a mixer or a detector 
in millimeter wave and submillime ter wave bands. 

Still another process of the invention for 
manufacturing a transistor in which the resonant tunneling 
structure such as described above is disposed in the channel 
of a field effect transistor will now be described with 
reference to Fig. 11 in which a schematic sectional view of 
such transistor is shown. 

In the drawing, like reference characters 
designate like parts as shown in Fig. 10 and the description 
thereof will not be repeated. In the channels of a drain 
region 110 and a source region 111, the impurity density may 
be designed to have a value less than about 10 cm ~ 
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that the velocity of electrons may not be affected due to 
the lattice scattering in these regions. Further, a source 
electrode, 112 and a drain electrode 113 are formed by 
Au-Ge/Ni/Au while a gate electrode 114 is formed with a 
Schottky gate of such as Al, Pt, Mo and Cr or an ohmic 
electrode of such as well known Au-Ge/Ni/Au. 

The thickness of the drain region 110 and the 
source region 111 may be designed in such a manner that the 
total thickness of the drain side is thicker than that of 
the source side so as to keep the withstand voltage between 
gate and drain larger than that between source and gate. 
Further, in the normal operation of the transistor, the 
thickness W of the drain region may be designed by 
considering the cut-off frequency f c as the criterion. 
Thus, when f is, for example, 10 GHz, 100 GHz, 1000 GHz 
{= 1 THz) and 10 THz , respectively, W may be designed as 

o o 

about 100 gm, 1 urn, 1000 A and 100 A, respectively. 

Also, when the transit time effect of gate to 

drain is utilized, the thickness of the drain region may be 

designed so as to result the transit angle 9 of 3tt/2 if the 

time constant between gate and source is negligible and the 

maximum injection at a phase of tt/4 is intended while that 

of the drain region may be designed so as to result the 

transit angle of n / 2 to ti if the time constant between gate 

and source is no longer negligible and the maximum injection 

at a phase of tt / 2 to tt is intended. When 9 = tt , then 

f = v /2W where V and W are the carrier velocity and 

osc max s s 
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the thickness of the drain region, respectively. Thus, in 

order to set f as 100 GHz, 1000 GHz (= 1 THz) or 

osc max 

o o 

10 THz, W.may be chosen as 0.5 pm, 500 A or 50 A, 

respectively. Of course, the thickness of the resonance 

tunneling parts 102 to 104 is reduced corresponding to the 

increasing f c ' s . The impurity density in n + -GaAs layers 101 

18—3 

and 105 may be designed as more than 10 cm while that in 
the resonance tunneling junction may be designed as same as 
that in Fig. 10 or a predetermined value. 

It is apparent that the crystal growth method of 
the invention may equally well be embodied for manufacturing 
ultra thin film structures other than the embodiments such 
as described above with reference to F _?-9 S • ? to 11. Also, 
the embodiments has been described above referring to GaAs 
and Al Ga. As as growth layers. The process of the 

X XX 

invention, however, may also be applied to such as other 
III-V compounds and mixed crystals thereof, II-VI compounds 
and mixed crystals thereof, and he tero-j unctions between 
III-V and II-VI compounds. 

In the above described embodiments of Figs. 7 to 
11, although various superlattice structures and 
hetero- j unc t ions may be grown in the monolayer by monolayer 
manner, it is necessary to control the temperature of the 
substrate, the pressure and the introduction periods of 
gaseous compounds containing component elements and impurity 
elements as adjustable parameters. 
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Although only the controlling means for the 
introduction of various gases has already been described 
with reference to Figs. 1, 4, 5 and 6, another embodiment of 
the invention in which a desired ultra thin film structure 
may automatically be carried out will now be described. 

Figs. 12A is a schematic block diagram of an 
epitaxial growth device including controlling parts thereof 
for carrying out the process according to the invention. 

The device comprises a crystal growth vessel 150, 
a gate valve 151, an evacuating system 152, a driving means 
153 for driving the gate valve 151, a vacuum gauge 154, a 
quartz susceptor 155 for mounting a semiconductor substrate 
156, a lamp 158 for heating the .semiconductor substrate 156 
and a lamp housing 157. Most of these parts correspond to 
those parts shown in Figs. 1A, 4A, 5 and 6. 

The heating temperature of the lamp 158 is 
controlled by a lamp temperature controlling unit 159 
comprising such as a power supply and a thermostat. The 
temperature of the substrate 156 is observed by a radiation 
thermometer or pyrometer 161 through a window 160. An 
output 162 from the thermometer is transmitted with an 
output 163 for monitoring the lamp heating temperature to a 
temperature controlling unit 165 for controlling the 
temperature of the substrate from which a signal 164 is 
transmitted to the unit 159. The internal pressure of the 
vessel 150 is measured by the vacuum gauge 154 and an output 
signal 168 of the vacuum gauge 154 is transmitted to <* 
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controlling unit 166 for controlling the evacuating system 
152. A controlling signal 167 from the unit 166 is 
transmitted to the evacuating system 152 and the driving 
means 153. Gaseous compounds 170, 171, 172, 173 and 174 
containing one of component elements or impurity elements, 
respectively, are introduced via respective stop valve 180, 
181, 182, 183 and 184, respective controlling unit 190, 191, 
192, 193 and 194, and respective nozzle 200, 201, 202, 203 
and 204 into the vessel 150. Manually operated valves or 
electromagnetic valves may be available for the valves 180, 
181, 182, 183 and 184. Also, the controlling units 190, 
191, 192, 193 and 194 control the pressure and the 
introducing periods of each gaseous compound , respectively. 
The manner to control the pressure and the introduction 
periods of each gaseous compound will, hereinafter, be 
described more specifically with reference to Fig. 12B. 
Input signals to control the units 190, 191, 192, 193 and 
194, respectively, and output monitoring signals thereof are 
transmitted via signal lines 210, 211, 212, 213 and 214, 
respectively. A controlling system comprising a computer 
CPU 220, an input terminal 221, a memory 222, an image 
output terminal 23 and an output printer operating system 
not shown is connected through an interface circuit 215 to 
the group of units 190, 191, 192, 193 and 194. In response 
to a monitoring input signal 233, the computer transmits a 
controlling signal 232. Also, in response to a vacuum 
monitoring input signal 231, the computer transmits a 
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controlling signal 230. Further, in response to a 
temperature monitoring input signal 235, the computer 
transmit .a controlling signal 234. 

Fig. 12B shows a schematic block diagram 
illustrating a part of the gas controlling unit. Since the 
manner of the operation of various units 190 to 194 is the 
same, the description will be limited only to the 
introduction of one gaseous compound. Thus, the operation, 
for example, of the unit 190 will be described. 

The introduction of the gaseous compound 170 is 
controlled by a stop valve 251 controlling introducing and 
non-introducing periods in response to a control signal 
transmitted from the computer through the line 210. The 
pressure of the gaseous compound 170 is controlled by a mass 
flow controller 252 in response to an output controlling 
signal 257 from a pressure controlling circuit 255. The 
pressure controlling circuit 255 is an electronic circuit 
comprising a feedback control using such as well known 
transistors, diodes and IC's. The circuit 255 generates the 
output controlling signal 257 in response to an output 
signal 254 from a manometer 253 and a controlling signal 256 
generated from the computer in response to the output signal 
254 of the manometer 253. 

Referring now to Fig. 12C, there is shown a mode 
for the introduction of various gases together with a 
temperature controlling diagram which may be used for 
carrying out a crystal growth process in which n-GaAs layers 
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and p-Al^Ga^^As layers are alternately grown on an n-GaAs 
substrate in monolayer by monolayer manner by means of the 
controlling system described above. During a period of t^g, 
a single monolayer of n-GaAs may be grown at a temperature 

and, subsequently, a single monolayer of P~ A1 x Ga i_ x As 
may be grown in a period of t,.^ at a temperature T 51 - 

Of course, an epitaxial layer of such as 100 or 
1000 monolayer thickness may also be grown. In such a case, 
a program, in an appropriate language, instructing 100 or 
1000 monolayer thickness may be input to the computer. 
Thus, any desired ultrathin film structure may be grown. 
Since a crystal growth of a layer, for example, of two 
monolayer thickness may be carried -out by adjusting the 
condition, such manner may be available for the save of 
growth time . 

Further, by using the program shown in Fig. 12C as 
a monitoring input to display on a Braun tube (CRT) as the 
image output terminal 223, a visual monitoring may be 
carried out. Also, memory devices such as a floppy disk, a 
cassette tape recorder and a hard disk may be used as the 
memory 222 for recording and reproducing the program of the 
process for manufacturing the ultrathin film structure. 

Furthermore, consecutive crystal growth may be 
carried out by using an automatic transport device for the 
insertion and take out operations of the substrate into and 
out of the crystal growth vessel. Thus, the mass production 
of an ultrathin film comprising layers of different 
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structures may be carried out by using a controlling program 
such as described above in combination with a program for 
controlling the automatic transport device. 

Still further, since the monolayer growth may be 
carried out in a simple manner by using a simple manometer 
and a controlling system for controlling the gas 
introduction and the substrate temperature, high quality 
wafers comprising ultrathin epitaxial layers may easily be 
manufactured in contrast to the MBE method. 

In the computer of Fig. 12A, there is shown only 
one input terminal. However, an operating system of 
multitask or multijob type comprising a plurality of input 
terminals to the computer may also be used for carrying out 
the crystal growth control while programming other new 
programs for the crystal growth. 

Still another embodiment of the invention, in 
which the irradiation of the substrate with light during the 
crystal growth such as shown in Fig. 5 is automated, will 
now be described. 

Referring now to Fig. 13A, parts relating to the 
irradiation not shown in Fig. 12A will, in particular, be 
described. Ultraviolet rays 280 and 281 emitted from 
ultraviolet ray sources 273 and 276 such as mercury J amps , 
excimer lasers and argon ion lasers, respectively, aro 
introduced via shutters 271 and 2 75, and windows 270 an/i 
274, respectively, to a substrate 156. The shutter:- '1 and 
2 75 are operated by controlling signals 293 and 294 :.: »r.;h 
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an interface circuit 292. 

A manner of the irradiation with light 1 and light 
2 which is accompanied with the crystal growth process shown 
in Fig. 12C is shown in Fig. 13B. The irradiation with 
light 1 is continued before the introduction of compound gas 
containing As is started and the irradiation with light 2 
follows. The irradiation with light 2 is continued before 
the introduction of DMZn gas. Wave lengths of light 1 and 
light 2 may be selected so as to activate the surface 
reaction during the irradiation. Such a case may also be 
possible that light 1 and light 2 have the same wave length 
but different intensities. Also, light having a range of 
wave lengths may be used for light_280 and 281, 
respectively. Further, two or more kinds of light having 
different wave lengths may be substituted for light 280 and 
281, respectively, so as to irradiate the substrate with 
different kinds of light corresponding to the introduction 
or non-introduction periods of different kind of gases 
thereby more effective crystal growth may be carried out. 

When a light source having a wide range of wave 
lengths such as a mercury lamp is used, the irradiation of 
semiconductor substrate with one light source but two kinds 
of light having two different range of wave lengths may be 
carried out by using a shutter with a filter. 

While III-V mixed crystals have been referred to 
by way of example, the invention is of course also 
applicable to II-VI mixed crystal, compound semicon-i rs 



containing four elements or he tero- j unc t ions between III-V 
mixed crystals and II-VI mixed crystals merely by 
additionally installing more gas introduction units to the 
embodiments shown in Figs. 12 and 13 as desired. 

According to the present invention, the crystal 
growth of mixed crystals having ultrathin film structure 
with impurity doping, which has been difficult in the prior 
art, may be carried out in monolayer accuracy* In the prior 
art such as the MBE method, it is necessary to use a complex 
and expensive controlling device such as RHEED for 
controlling the thickness of growing crystalline thin layers 
in high accuracy. In contrast to the prior art, the process 
of the invention such as described above may be automated in 
a simple manner by an inexpensive controlling device for 
controlling the pressure of gases, the introduction of 
gases, the temperature of the substrate and the irradiation 
with light. Thus, the crystal growth method of the 
invention is suitable for the mass production of ultrathin 
film structures in high accuracy and effective in the 
industrial utilization. 

Thus, according to the method of the invention, 
various devices such as he tero -j unc t ion devices, HEMT 
structure devices, superlattice structure devices, two or 
three terminal devices, negative resistance devices 
utilizing the transit time effect, tunnel injection devices, 
optical detector or light emitting devices, and 
semiconductor lasers may be manufactured. 
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What is claimed is : 

1. A method of the epitaxial growth for forming 
on a substrate crystal a single crystalline thin film of a 
compound semiconductor A x B i_ x c containing three component 
elements A, B and C, two elements thereof being elements of 
the. same group, comprising the steps of introducing a 
gaseous compound containing one of component elements of the 
compound semiconductor into a crystal growth vessel under a 
predetermined pressure for a predetermined period of time, 
introducing a gaseous compound containing another component 
element of the compound semiconductor into the crystal 
growth vessel under a predetermined pressure for a 
predetermined period of time, introducing a gaseous compound 
containing still another component element of the compound 
semiconductor into the crystal growth vessel under a 
predetermined pressure for a predetermined period of time, 
and repeating a sequence of the above steps. 

2. A method according to claim 1, wherein each 
one of said three elements is a III group element or a V 
group element, respectively. 

3. A method according to claim 1, wherein each 
one of said three elements is a II group element or a VI 
group element, respectively. 

4. A method according to claim 1, wherein said 
three elements A, B and C are Al, Ga and As, respectively, 
and a gaseous compound containing Al, a gaseous compound 
containing Ga and a gaseous compound containing As -ir^ 
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successively introduced, in this order, into the crystal 
growth vessel. 

• 5. A method according to claim 1, wherein said 
three elements A, B and C are Ga , Al and As, respectively, 
and gaseous triethyl gallium is used as a gaseous compound 
coataining Ga while gaseous triethyl aluminum or gaseous 
triisobutyl aluminum is used as a gaseous compound 
containing Al thereby the crystal growth is carried out in 
the order Ga, Al and As. 

6. A method of the epitaxial growth for forming 
on a substrate crystal a single crystal of a compound 
semiconductor doped with an impurity element wherein a 
gaseous compound III containing a III group element as one 
of component elements of the compound semiconductor, a 
gaseous compound containing another III group element 
as another component element of the compound semiconductor, 
a gaseous compound containing a V group element as still 
another component element of the compound semiconductor and 
a gaseous compound or doping gas containing the impurity 
element of the compound semiconductor are successively 
introduced into a crystal growth vessel in this order or in 
the order , III., IH D and the doping gas. 

C A hi 

7. A method according to claim 6, wherein the two 
III group elements and the V group element are Ga , Al and 
As, respectively, and said impurity element contained in the 
doping gas is an element of II, IV or VI group. 
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8. A method according to claim 7, wherein said 
doping gas is disilane (Si 2 H & ), dimethyl zinc, dimethyl 
cadmium, trimethyl gallium, selenium hydride (H 2 Se), diethyl 
selenium or diethyl tellurium. 

9. A method of the epitaxial growth for forming 
on. a substrate crystal a single crystal of an impurity doped 
compound semiconductor containing two III group elements and 
a V group element as component elements, and a II group 
element, a IV group element and a VI group element as 
impurity elements, wherein a gaseous compound III A 
containing one of the two III group elements, a gaseous 
compound III B containing another one of the two III group 
elements, a gaseous compound V c _ containing the V group 
element, a gaseous compound II D containing the II group 
element, a gaseous compound IV £ containing the IV group 
element and a gaseous compound VI p containing the VI group 
element are introduced into a crystal growth vessel in the 

order II D , H* A * 1I1 B ' IV E' V C a ° d VI F' success ivel y * 

10. A method of the epitaxial growth for forming 
on a substrate crystal a single crystal of a quaternary 
alloy or a mixed crystalline compound semiconductor 
containing four component elements such as two III group 
elements and two V group elements, wherein a gaseous 
compound III containing one element of the two III group 
elements, a gaseous compound III B containing another element 
of the two III group elements, a gaseous compound V c 
containing one element of the two V group elements, and a 



-33 - 



gaseous compound containing another element of the two V 

group elements are introduced into a crystal growth vessel 
in this order. 

11. A method according to claim 10, wherein said 

gaseous compound l* 1 ^ i][I b' V C and V D is alk > rl indium * 
alkyl gallium, arsine (AsH 3 ) and phosphine (PH 3 >, 
respec t ively . 

12. A method according to any one of claims 1 to 
11, wherein the substrate crystal is irradiated with 
ultraviolet rays during the crystal growth. 

13. A method of the epitaxial growth for forming 
on a substrate crystal a single crystal of a compound 
semiconductor containing three component elements, two 
elements thereof being elements of the same group but 
another one being an element of different group, wherein 
three kind of gaseous compounds respectively containing 
different one of said three component elements are 
successively introduced into a crystal growth vessel under a 
respectively predetermined pressure for a respectively 
predetermined period, and such a serial ordered introduction 
of the three kind of gaseous compounds is repeated to form a 
multilayer thin film structure comprising a mixed crystal of 
two different group elements and a mixed crystal of said 
three component elements. 

14. A method according to claim 13, wherein both 
of said mixed crystal of two different group elements and 
said mixed crystal of three component elements are II- IV 
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y 
V 

J mixed crystals. 

15. A method according to claim 13, wherein said 
two different group elements are Ga and As while said three 
component elements are Ga , Al and As. 

16. A method according to claim 15, wherein 
trie.thyl aluminum or triisobutyl aluminum is used as one of 
said three kind of gaseous compound containing Al while 
triethyl gallium is used as another one of said three kind 
of gaseous compound containing Ga. 

17. A method according to claim 16, wherein 
impurities such as disilane (SijHg), trimethyl gallium, 
selenium hydride (H 2 Se), diethyl selenium, diethyl 
tellurium, dimethyl cadmium and dimethyl zinc are used. 

18. A method substantially as hereinbefore 
described with reference to the drawings. 

19. Apparatus configured to perform a method 
according to any preceding claim. 

20. A product formed by a method according to any 
preceding method claim. 



-35 - 



Published 1968 at The Patent Office. State House. 66/71 High Hoiborn. London WC1R 4 TP. Further copies may be obtained frsn: The Patent Office. 
Sales Branch. St U&ry Cray. Orpingvm. KeRl BR 5 3RD. Printed by Multiplex technic ltd. St Mary Cray. Kent wn 



